Dissolution characteristics of copper in hydrochloric acid medium and the effect of 4-amino 1,2,4-triazole (ATA) on the corrosion process have been studied using conventional electrochemical techniques and rotating ring-disc electrodes (RRDEs). Corrosion potential (E corr ) and corrosion current density (I corr ) were obtained by Tafel extrapolation methods. Charge transfer resistance (R ct ) and double-layer capacitance (C dl ) were obtained from the electrochemical impedance spectroscopy (EIS). ATA was shown to be an effective inhibitor for the copper-corrosion inhibition in acid medium. The corrosion rate was retarded in presence of inhibitors mainly because of the adsorption of the inhibitor on the electrode surface. Adsorption of the inhibitor on the metal surface was found to follow the Langmuir adsorption isotherm. Standard free energy change of the adsorption process (ΔG 0 ad ) was calculated to be −54.3 kJ mol −1 ; such a large negative value of ΔG 0 ad suggests the prescence of a chemisorption process.
Introduction
Copper and its alloys are widely used in heating and cooling devices due to their high thermal conductivity, good corrosion resistance, and mechanical workability. Such devices are cleaned by acid pickling process using hydrochloric acid solution. It is important to reduce the destructive effect of hydrochloric acid on the devices during the cleaning process. Copper is a relatively noble metal, and the hydrogen evolution is not a usual part of the corrosion process. In nuclear industry, copper alloys are used in condensers where the steam after turning the turbine is required to be cooled. Sea water and fresh water are used for the cooling purpose depending on the location of the plant. Organic surfactants are used as corrosion inhibitors with aqueous solution of acid to reduce the destructive effect of acids. There are studies where benzotriazole has been used as the inhibitor in acid corrosion of copper and steel [1] [2] [3] [4] [5] . Heakal and Haruyama [6] and Chialvo et al. [7] have used benzotriazole as the corrosion inhibitor in NaCl solution; in the latter case, kinetics of Cu passivation were discussed. In the present scenario, use of substituted derivatives of triazoles and imidazoles for effective use as an inhibitor is the topic of interest [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . In a part of our study, benzotriazole was used as the inhibitor for studying the acid corrosion of stainless steel [19, 20] . Srhiri et al. have used derivatives of ATA for corrosion inhibition of Cu and Cu-Zn alloys [21, 22] . In corrosion the inhibition process, the dissolution pathways of the materials under protection are very important to know. In some reports [23, 24] , dissolution pathways of copper have been studied using transient electrochemical techniques. In the present investigation, dissolution process of copper in acidic solution was studied using rotating ring-disc voltammetry along with the conventional polarization method. The organic molecule 4-amino 1,2,4-triazole (ATA) was used as the inhibitor, and the mechanism of its interaction with copper was studied. In combination with polarization experiments, current transient behaviour of copper dissolution and passivation were studied using electrochemical impedance spectroscopy and electrochemical noise measurements. Electrochemical
Experimental
High-purity copper metal was cut in the form of electrode from a copper rod. It was polished mechanically with emery papers of up to 600 grit and then with diamond paste of a 5-μm size. After polishing, the electrode surface was degreased with acetone, then washed with distilled water and dried under dry air flow. This electrode, with an exposed surface area of 0.5 cm 2 , was then dipped into the corrosion test solution of 0.5 M HCl, which was deaerated by purging with high-purity nitrogen gas for 900 seconds. The samples were allowed to stabilize the open circuit potential (OCP) for half an hour before electrochemical scanning. This electrode was then used as the working electrode with Pt foil as the counter and saturated calomel as the reference electrode. Potentiodynamic polarization was carried out by scanning the potential from −0.4 V to 0.1 V (SCE) at a scan rate of 0.5 mV s −1 . Polarization experiments were carried out using a potentiostat from Eco Chemie BV, The Netherlands, Autolab 100, and plots were analyzed with Autolab software. AC impedance investigations were carried out using the same Potentiostat Autolab 100 with an attached frequency response analyzer module (FRA). EIS was employed by applying the sinusoidal voltage pulse of amplitude of 5 mV and in the frequency range of 10 kHz to 45 mHz. Electrochemical noise experiments were carried out with electrochemical noise module (ECN) fitted with the potentiostat at open circuit condition.
Results and Discussion
3.1. Polarization Study. Polarization plots were obtained for the copper electrodes in a 0.5-M HCl solution in presence and in absence of different concentrations of inhibitor (cf. Figure 1) . A peak at −0.12 V was observed, which is possibly due to the formation of an insoluble product formed by the oxidation of copper. After a certain amount of copper oxidation, the insoluble film on the copper surface was formed due to adsorption of insoluble CuCl ads species which retarded the dissolution process, and the anodic current dropped down. However at very high chloride ion concentration, formation of CuCl 2 − will be facilitated and formation of such peak may not be seen [25] . A detailed investigation of the dissolution was carried out using RRDE voltammetry and the results were discussed in RRDE section (cf. Section 3.3). Both the cathodic current and anodic current density decreased in presence of inhibitors of varying concentrations ( Figure 1 ). Electrochemical parameters namely, corrosion current density (I corr ), cathodic and anodic Tafel slopes (B c and B a ), and corrosion potential (E corr ) were calculated from the Tafel extrapolation of the polarization plot and the values were reported in Table 1 . Although the corrosion current density decreased in presence of inhibitor, corrosion potential did not change significantly in the presence and absence of the inhibitor. Both the cathodic and anodic Tafel slopes were seen to have changed in the presence of inhibitor. Considering the collective observations on the change in the Tafel slopes, change in current density, and the nature of change of corrosion potentials, the inhibition process appeared to be of mixed type in nature with pronounced effect. The inhibition efficiency (E%) was calculated from the corrosion current density from the following equation:
where I uninh and I inh are the corrosion current densities in the absence of inhibitor and presence of inhibitor, respectively. The inhibition efficiency of up to 74% was achieved at 10-mM concentration of the ATA.
Electrochemical Impedance Spectroscopy.
Nyquist plot of copper in acidic solutions with and without inhibitor was shown in Figure 2 . In the inhibited as well as in the uninhibited solutions the impedance spectra were characterized by two slightly distorted semicircles, one at high-frequency region and the other at low-frequency region. Cu surface was always covered with copper-oxide films formed in the air and also in the aqueous solution. The semicircle at higher frequency was attributed to the oxide layer present on the copper surface. The second semicircle was due to the charge transfer process, contribution of Warburg parameter was significant in the impedance analysis [26] [27] [28] .
Deviations from the ideal semicircles could be attributed to the inhomogeneities of the surface [29] . Solution resistance (R s ), oxide film resistance (R oxide ), charge transfer resistance (R ct ) the capacitance values for the oxide film (C 1 ), and the capacitance (C 2 ) from the constant phase element (CPE) value were calculated from the analysis of the impedance plots using the equivalent circuit shown in the inset of Figure 2 . The values were tabulated in Table 2 . In acid solution without inhibitor, charge transfer resistance and double layer capacitance were obtained to be 300 Ohm cm 2 and 10.3 μF cm −2 . Whereas in presence of inhibitor of a 10-mM concentration, the resistance and the capacitance values were 2.0 kOhm cm 2 and 3.5 μF cm −2 , respectively. Charge transfer resistance increased with the increase in the inhibitor concentration and at a 10-mM concentration of the inhibitor its magnitude became one-order higher than that in the blank solution. The increase in charge transfer resistance and decrease in the double-layer capacitance with the use of inhibitor have been attributed to the enhanced adsorption of the inhibitor molecule on the metal surface [30] . Increase in the charge transfer resistance resulted in the decrease of metal oxidation reaction at the same potential region. In the present case, due to the electrochemical rough surface instead of ideal capacitive behavior, the constant phase element (CPE) was used to calculate the pure capacitance. The impedance function of CPE (Z CPE ) is related to the angular frequency (ω) by the following relation:
−n , where Y is a proportionality factor and n is the deviation parameter, which is related to surface roughness [31] . The actual capacitance C as reported in the present case is obtained using the following equation [32] [33] [34] :
Here, the parameter n defines the surface inhomogeneity.
The n was varied from 0.85 to 0.92 in different solution conditions measured, which was indicative of the fairly good surface, and the CPE could be deduced to the capacitance using the above-mentioned formula in (2).
Rotating Ring-Disc Electrode Study.
Two sets of experiments with rotating ring-disc electrode (RRDE) were performed with the copper as the disc and Pt as the ring electrode. In the first set, ring electrode was polarized at a cathodic potential (at −0.4 V (SCE)) and the disc electrode was scanned from −0.5 to 0.2 V (SCE) in a 0.2-M HCl solution with and without 0.1-mM BTA inhibitor. The rotation speed was kept at 2000 RPM, and 0.2-M HCl (instead of, 0.5 M used in the polarization experiments) was used in these experiments so as to minimize the copper deposition at the ring electrode. In the second set, the ring potential was anodically polarized (kept at 0.4 V (SCE)) and the disc electrode was scanned in the same way as earlier, from −0.5 to 0.2 V (SCE). Typical plots obtained in both sets of experiments were shown in Figures 3(a) and 3(b) . Three peaks obtained in the disc electrode current were designated as "a", "b", and "c" and two peaks obtained in the ring electrode current were designated as "1" and "2" (cf. Figures 3(a) and  3(b) ). Three peaks "a", "b" and "c" obtained in the disc electrode polarization were explained on the basis of the formation of different species due to the oxidation of Cu [18, [35] [36] [37] Cu + Cl − ⇐⇒ CuCl ads + e (3)
The peak "a" observed in Figures 3(a) and 3(b) was due to the formation of insoluble CuCl ads species due to reaction (3). However, after formation of the insoluble CuCl ads species, further oxidation of the metal was retarded at that potential region of peak "a". On further anodic polarization of the disc electrode more and more Cl − ions ingresses in to the passive film and reaction (4) started, which eventually facilitated the forward process of reaction (3) is resulting in peak "b". When the potential was scanned further in the anodic direction, Cu(I) was oxidized to Cu(II) and the passive film was dissolved by forming soluble chloride complex species as represented in reaction (5) . A support to the above findings was obtained from the observation of the nature of the ring electrode plot (cf. Figures 3(a) and 3(b) ). It was observed 4 International Journal of Electrochemistry that when the ring electrode was cathodically polarized, it could electroreduce both the Cu(I) and Cu(II) species which come from the disc electrode, and two reduction peaks (cf. Figure 3(a) ) were produced. The first peak (peak 1) was due to the reduction of the CuCl 2 − species, and the second peak was due to the reduction of both CuCl 2 − and CuCl 3 − species. On the other hand, when ring electrode was anodically polarized on keeping at 0.4 V (SCE), only the soluble Cu (I) species could be reoxidized and detected (Figure 3(b) ). The monovalent copper species was detected in the potential region of peaks 1 and 2 as well as at the pitting region. From the relative current of the two peaks (peaks 1 and 2 of Figures 3(a) and 3(b) ), it could be concluded that at higher polarization potential copper preferably dissolved as soluble Cu(II) soluble species and the proportion of formation of soluble Cu(I) species was reduced. The literature's [38] [39] [40] [41] reports about the mechanism of dissolution of copper in aqueous solution agreed well with the present observation from RRDE measurements.
Electrochemical Noise and Surface Morphology Study.
Electrochemical noise measurements were carried out with the ECN module fitted with the Autolab potentiostat. Experiments were performed using three identical copper electrodes dipped inside the test solution of 0.5-M HCl with and without 10 mM of ATA. The schematic representation of the electrode setup and connections were explained elsewhere [38] . Noise resistance, R n , which is equivalent to the charge transfer resistance, R ct , was calculated from the ratio of the standard deviation of the potential noise to the standard deviation of the current noise, that is, R n = σ v /σ i [42] [43] [44] [45] [46] . The calculated values of R n in the case of acid without inhibitor were 4.0 whereas in the case of ATA with 10-mM concentration it was 4.5. Therefore, the calculated R n value was observed to be increased while using inhibitor. The noise data were transformed from time domain to the frequency domain and the power spectral density (PSD) plots were obtained. The power spectral density (PSD) is the frequency response of a random or periodic signal. It indicates where the average power is distributed as a function of frequency. The PSD is a deterministic quantity, for certain types of random signals. It is independent of time, which means that statistics of the signal do not change as a function of time. For a random noise signal N (t), the PSD is the average of the squared Fourier transform magnitude over a large time interval
where PSD n ( f ) is the power spectral density of the time variant noise function N (t), and t is the time interval. In the present experimental setup, current and potential noise were measured as a function of time and Fourier transformation was carried out to get the corresponding PSD plots using the autolab-GPES 4.9 software. The characteristics frequency ( f n ) is generally considered as the parameter, which determines the degree of localized corrosion from electrochemical noise measurement [46] . This "characteristics frequency" is inversely proportional to the potential PSD plot but independent of the current noise. The characteristics frequency was International Journal of Electrochemistry calculated as f n = I corr /q, where I corr is the corrosion current and q is the charge in the transient. Localized corrosion, which is associated with characteristics frequency, will have higher potential noise amplitude [46] . Comparing the potential PSD plot, Figures 4(a) and 4(b), it could be indicated that PSD v was nearly one order of magnitude higher in the case of acidic solution without inhibitor compared to that with inhibitor. Therefore, it could be noted from the relative variation of the characteristics frequency that the possibility of localized corrosion was higher in the case of copper in acidic solution without ATA than in presence of ATA. The slope of the PSD potential (S V ) and the PSD current (S I ) plots are important parameters, which reflect the corrosion performance of copper in the two solutions. S V and S I for acid without ATA were calculated to be −1.6 and −1.5, respectively, whereas with 10 mM of ATA the values were −0.65 and −0.45, respectively. The more negative value of the slopes showed the system to be more prone to the formation of metastable pits [44] . Therefore, different analysis of noise data suggested that copper in 0.5-M HCl with 10-mM ATA was less prone to localized corrosion than without ATA, which corroborate the discussions from noise and other studies.
Surface morphology of copper was studied using atomic force microscopy (AFM) measurements using tapping mode of operation. In Figure 5 , the AFM topography of copper surface after different conditions were shown. Figure 5(a) represents the well-polished surface before electrochemical polarization. The AFM topograph after solution treatment in 0.5-M HCl for 3 h without inhibitor in open circuit condition is shown in Figure 5 (b). The surface roughness was found to be increased due to the corrosion of copper from the surface. Evidence of the localized corrosion was obtained from the roughened surface due to the localized deposits of corrosion product and dips due to formation of pits. The AFM topography in presence of inhibitor 10 mM ATA is shown in Figure 5 (c). The surface was found to be well coated with the inhibitor and deposits of corrosion products were found to be less, compared to that without ATA.
Adsorption Isotherm.
The surface coverage (θ) at a given inhibitor concentration was calculated using the following relation:
where I uninh and I inh are the corrosion current densities in the absence and presence of inhibitor, respectively. Attempts were made to fit the data to Langmuir or Frumkin adsorption isotherm. It was found that the data were best fitted with the Langmuir adsorption isotherm, according to which the surface coverage (θ) is related to the inhibitor concentration C inh by the following relation:
Therefore, the C inh /θ should follow a linear relation with C inh , which was in good agreement with the experimental results as shown in Figure 6 . In the present investigation, the adsorption coefficient (b) was found to be very high (1.2×10 6 M −1 ), signifying strong adsorption process. The standard free energy of adsorption process was calculated using the following equation:
ΔG 0 a , the standard free energy of adsorption process, was calculated in the present system as −54. 3 
Conclusion
Corrosion behavior of copper was studied in 0.5-M HCl solution with and without ATA as corrosion inhibitor. Polarization plots were obtained with different concentrations of ATA. The corrosion inhibition efficiency of up to 74% was achieved at the 10-mM concentration of ATA. Impedance spectra of the inhibited and uninhibited solutions were characterized by two slightly distorted capacity behaviours, one at high frequency and the other at low frequency. EIS experiments also showed an increase in charge transfer resistance in presence of the inhibitor. The characteristics of the Cu dissolution in the test solution were studied with RRDE voltammetric technique. Cu dissolves both in the form of Cu(I) and Cu(II) soluble species. The proportion of Cu(I) species decreased at the higher anodic polarization. Analysis of electrochemical noise data indicated the lowering of localized corrosion in presence of the inhibitor. Adsorption of the inhibitor followed Langmuir adsorption isotherm with adsorption coefficient of 1.2 × 10 6 M −1 . Standard free energy change of adsorption of −54.3 kJ mol −1 indicated that the chemical interaction of the inhibitor with the metal surface, which could be through the interaction of the π-electron cloud of the aromatic ring and also the free electron pair on the nitrogen atom with metal ions at the surface.
